A thermodynamic analysis of the Nb-Ni-Ti system has been performed following the CALPHAD technique. To enable the thermodynamic description of the binary systems, the results from a previous evaluation were adopted for the Nb-Ni, Nb-Ti, and Ni-Ti systems. However, a slight modification of the parameters was applied to the bcc and Nb 6 Ni 7 phases in the Nb-Ni system, when considering the ternary phase equilibria. The phase boundaries of the Nb-Ni-Ti ternary system at a constant 28 mol%Ni and 60 mol%Ni were determined experimentally by differential scanning calorimetry. A thermodynamic assessment of the ternary system was performed based on the experimental information as well as the reported phase boundaries of the isothermal sections of the Nb-Ni-Ti system at 700, 800, and 900 C. Our calculations reveal that this system includes 15 types of ternary invariant reactions. The ternary eutectic temperature was between 901.6 and 1063.7 C.
Introduction
Nb-Ni-Ti metallic glass alloys are expected to find application as structural materials and hydrogen permeation membranes because of their good mechanical properties 1) and high hydrogen permeability. 2, 3) However, an evaluation of the glass-forming ability (GFA) is difficult due to the lack of thermochemical information available on this ternary system. Therefore, in the present study, we have carried out work to determine the phase equilibria of the Nb-Ni-Ti system on the basis of the Calculation of Phase Diagrams (CALPHAD) method. 4) In this method, a variety of experimental values concerning the phase boundaries and the thermodynamic properties is analyzed according to an appropriate thermodynamic model and the interaction energies between atoms are evaluated. By using this technique, phase diagrams outside the experimental range can be calculated based on thermodynamic proof. It is also advantageous that the metastable phase equilibria or the important thermodynamic factors such as driving force and chemical potential can be obtained.
Concerning the information on the phase equilibria of the Nb-Ni-Ti ternary system, partial isothermal sections at 900 and 1000 C were reported by Pryakhina et al., 5) and the existence of four ternary compounds was revealed. Isothermal sections of the Nb-Ni-Ti system at 700, 800, and 900 C were studied in detail by means of the diffusion couple technique by Hao and Yang. 6, 7) According to their investigation, five ternary intermetallic compounds, designated as Nb 15 To obtain precise information on the thermodynamic properties of the ternary liquid phase, we have examined the phase boundaries at a constant 28 and 60 mol%Ni section by differential scanning calorimetry (DSC), and a thermodynamic analysis of the Nb-Ni-Ti system has been performed based on the experimental data.
Experimental Procedure
The alloys used in the DSC measurements were prepared from pure Nb (99.9%), Ni (99.9%), and Ti (99.98%) powders. The samples were melted in an electric-arc furnace in an argon atmosphere, and then remelted in a highfrequency induction furnace for homogenization. The chemical compositions of the samples were analyzed by means of SHIMADSU CORPORATION (Japan) ICPS-8000 inductively coupled plasma spectrometry to determine their exact chemical composition. The accuracy of the measurement was about AE1 mass% for each element. The phase boundaries of the Nb-Ni-Ti ternary system at a constant 28 and 60 mol%Ni were determined using a Seiko Instruments Inc. (Japan) EXSTAR6000 differential scanning calorimeter. The twopoint temperature calibration was carried out on the basis of melting temperatures of Au and Ni for this equipment. Alumina was used as the standard material, and the measurements were performed under an argon atmosphere. Sample heating and cooling rates were set at 5 C/min. The experimental results are shown in Table 1 . The repetitive measurement confirmed that these results were reproducible within 3 C. The transformation temperatures during heating were used in the thermodynamic analysis, since the measurement during cooling process was incurred by supercooling.
Thermodynamic Modeling
A description of the Gibbs energy for each phase appearing in the Nb-Ni-Ti ternary system will be presented in this section.
Liquid and primary solid solutions
The regular solution approximation 8) was applied to the liquid (L) and primary solid solutions, i.e., the Nb-rich bcc solid solution (), the Ni-rich fcc solid solution (), and hcp (-Ti). This model is composed of energies of mechanical mixing, ideal entropy of mixing, and excess energy to give deviation from the ideal solution by means of interaction parameters. According to this approximation, the molar Gibbs energy, G m , was calculated from the following equation:
where x i represents the mole fraction of element i, R is the universal gas constant, and T is temperature. G i denotes the relative Gibbs energy for various crystal structures of the pure elements of the system, and is called the lattice stability parameter. This value is described as a function of temperature T by the formula
where H ref i denotes the molar enthalpy of the pure element i in its stable state at T ¼ 25 C. The symbols from A to J are coefficients. The parameter L i,j denotes the interaction energy between i and j in the phase, and has a compositional dependency following the Redlich-Kister polynomial as
where
The term L Nb,Ni,Ti is the ternary interaction parameter between Nb, Ni, and Ti. The compositional dependency of the interaction parameters is expressed as follows:
Ni 3 Ti and NbNi 3 phases
The Ni 3 Ti and NbNi 3 phases, which exhibit a range of nonstoichiometric alloys, were modeled based on a twosublattice model, 9) which had a general formula described by
where G i:j denotes the Gibbs energy of a compound i u 1 j u 2 . The parameter L i,j:k (or L i:j,k ) is the interaction parameter between unlike atoms on the same sublattice.
In case of NbNi 3 , M 1 and M 2 represent Nb and Ni, respectively, and u 1 ¼ 0:25 and u 2 ¼ 0:75.
NiTi phase
The binary intermetallic compound NiTi, with a CsCl-type B2 structure, shows a slight solubility range of Nb.
6) The B2 structure is the ordered phase based on a disordered bcc solution, and the ordered and disordered phases can be described by the same thermodynamic model. However, on considering an extension to higher-order systems, the B2 phase was treated as separate from the bcc phase in this study. 
In eq. (8), for simplicity, some interaction parameters were removed from the general expression of Gibbs free energy based on the sublattice model. 9) The parameters G i:j and L i,j:k (or L i:j,k ) have the same meanings as were used in eq. (7). L NiTi Ni:Nb,Ni,Ti represents interaction energy between Nb, Ni, and Ti on the second sublattice sites.
Nb 6 Ni 7 phase
The Nb 6 Ni 7 phase, with an isotypic Fe 7 W 6 crystal structure, shows some degree of solubility range. To describe the homogeneity region, Bolcavage Nb:Nb,Ni is the interaction parameter between unlike atoms on the second sublattice.
Stoichiometric compounds
The binary compound, NiTi 2 , and five types of ternary intermetallic, i.e., Nb 15 
The symbols from a to d in eq. (10) are coefficients.
3.6 Contribution of magnetic transitions to the Gibbs energy The contribution to the Gibbs free energy due to magnetic ordering of Ni was added to the non-magnetic part of the free energy as
The magnetic Gibbs energy, G mag , is given by the expression
and
The variable is defined as T=T C , where T C is the Curie temperature, and is the mean atomic moment expressed in Bohr magnetons, B . The parameter p depends on the structure, with p ¼ 0:28 for the fcc phase.
12,13)
Results and Discussion
In this section, a brief outline of thermodynamic analysis will be provided, and the phase equilibria in the Nb-Ni-Ti ternary system associated with glass formation will be discussed. The descriptions of the lattice stability parameters for each pure element were obtained mainly from the Scientific Group Thermodata Europe (SGTE) data, 14) and are shown in Table 2 .
Thermodynamic analysis of the binary systems 4.1.1 The Nb-Ni binary system
There are five phases with one peritectic and two eutectic reactions in the Nb-Ni system: liquid, Nb-rich bcc disordered solid solution (), Ni-rich fcc disordered solid solution (), NbNi 3 , and Nb 6 Ni 7 . A critical assessment of this system has been carried out, 15) and several calculations on this binary phase diagram have been reported. 16) Recently, Kejun et al. 17, 18) have described the intermetallic, NbNi 3 based on an antistructure defect-type two-sublattice model, and the intermetallic, Nb 7 Ni 6 using a complicated four-sublattice model. However, this thermodynamic description caused Thermodynamic Analysis of the Phase Equilibria of the Nb-Ni-Ti System Table 3 Optimized thermodynamic parameters for Nb, Ni and Ti.
System Phase Thermodynamic parameters (J/mol) Reference
¼ À3079:625 
S. Matsumoto, T. Tokunaga, H. Ohtani and M. Hasebe W. In earlier work on the binary system, the intermetallic compound was designated as Nb 7 Ni 6 . However, Bolcavage and Kattner reassigned the stoichiometry as Nb 6 Ni 7 , and performed a revised calculation on the system, applying a rather simple two-sublattice formalism to this phase. Although some discrepancies were observed between the experimental and calculated phase boundaries, especially in the Nb solubility in and the liquidus, the agreement over the entire phase equilibria was fair, and thus, their thermodynamic description was accepted in this work. However, the Ni solubility in the phase was recently determined for the Nb-Ni-Ti ternary system by means of the diffusion couple technique, 6, 7) which showed slightly larger values than those derived by calculation. Thus, some modification of the thermodynamic parameters for and Nb 6 Ni 7 was attempted in this study to fit the experimental data. The thermodynamic description is shown in Table 3 , and the calculated binary phase diagram is illustrated in Fig. 1 , together with some experimental data. 6, 7, [19] [20] [21] [22] [23] [24] The calculated phase diagram by the previous work 11) was given by the dotted lines in this figure. Except for the solubility limit of Ni in the terminal solid solution , there seems no significant effect on the calculated phase boundaries by revising the thermodynamic description. The slope of the liquidus in the Nb-rich region shows some difference from the experimental data, 19, 20) but it is true that reliable experimental data are not available, whereas the rest of the liquidus lines have been well established by thermal analysis. The same situation was observed in the solubility of Ni in phase. Therefore, this resulted in putting smaller weights on these experimental points 19, 20) during optimization. Further experimental investigation should be required concerning the phase equilibria, although the ternary liquidus surface in the Ni-rich glassforming region will be practically unaffected by the disagreement.
The Ni-Ti binary system
The Ni-Ti binary system is composed of a liquid, , , hcp solid solution (-Ti), a four-layer cph ordered structure Ni 3 Ti, NiTi with an ordered bcc CsCl structure, and an fcc ordered structure, NiTi 2 . The NiTi and Ni 3 Ti phases show some range in homogeneity. This binary system was critically evaluated by Murray, 25) and thermodynamic analyses and phase diagram calculations have been performed by several researchers. 16, [26] [27] [28] Tokunaga et al. 10) performed a thermodynamic assessment of the system incorporating firstprinciples calculations with the conventional CALPHAD approach. They applied the two-sublattice model denoted by ðNi y Þ 0:5 to the B2-type NiTi phase, and compared with previous works, managed to successfully reproduce the experimental phase boundaries as well as the thermodynamic properties. We therefore adopted their thermodynamic description for this binary system, as shown in Table 3 . In Fig. 2 , the calculated phase diagram is compared with the experimental phase boundaries. 
The Nb-Ti binary system
The Nb-Ti binary system has a rather simple phase diagram, with no invariant reaction, consisting of a bcc solid solution, , with a complete range of solubility above 882 C, and low temperature -Ti phase. A critical evaluation of this binary system was made by Murray, 35) while calculations of the phase diagram can be found in several reports. 16, [35] [36] [37] [38] [39] However the lattice stability of Nb and Ti used in earlier studies 16, [35] [36] [37] is different from those recently used in assessments.
14) Saunders 39) described the phase using the two-sublattice model, denoted as ðNb y
38) employed a regular solution approximation for the phases appearing in this system, and carried out parameter optimization, paying close attention in reproducing the transus. In our analysis, the bcc phase and the B2 phase were treated independently, and thus, we adopted the latter description. The thermodynamic parameters are listed in Table 3 , and the computed phase diagram is shown in Fig. 3 , with the experimental points. [40] [41] [42] [43] [44] [45] [46] [47] 4.2 Thermodynamic analysis of the Nb-Ni-Ti ternary system and calculation of the phase diagrams Concerning the phase equilibria of the Nb-Ni-Ti system, Pryakhina et al. 5) revealed incomplete isothermal section diagrams at 900 and 1000 C in the composition range between 50 and 100 mol%Ni. According to this experimental study, there are four types of ternary compound: Nb 15 1) investigated Nb 40Àx Ni 60 Ti x alloys by using X-ray diffraction, DSC, differential thermal analysis (DTA), and Vickers microhardness tests, and the liquidus lines at a constant Ti section were reported on. However, information on the phase equilibria of the liquid was not discussed.
A thermodynamic analysis of this ternary system was carried out on the basis of our experimental DSC data at a constant 28 and 60 mol%Ni, together with the experimental phase boundaries of the isothermal sections of Hao and Yang. The thermodynamic parameters are listed in Table 3 .
The calculated isothermal section diagrams at 700, 800, and 900 C compared with the experimental results 6, 7) are shown in Figs. 4(a), 4( Thermodynamic Analysis of the Phase Equilibria of the Nb-Ni-Ti Systemcrystallization region for Nb 13 Ni 75 Ti 12 , and is very close to one of the ternary eutectic points, as will be shown in Fig. 9 . According to the empirical rules for glass formation, 48, 49) a suitable negative heat of mixing is required for the formation of a bulk glassy alloy. The enthalpy of liquid formation at the above composition was calculated to be À34:06 kJ/mol.
During our DSC measurements on the 60 mol%Ni isopleth, relatively strong DSC peak was observed around 1300 C, as shown schematically in Fig. 6 . The peak only appeared on cooling, as found in the figure as well as in Table 1 , and furthermore, it was not seen in the 28 mol%Ni isopleth. Since the evaluated thermodynamic description predicted a metastable miscibility gap in the Nb-Ni binary liquid, we suspected that this observation was effected by the phase separation of the liquid in the ternary system. The calculated miscibility gaps in the ternary liquid at several temperatures are shown in Fig. 7 , showing that this phenomenon does not affect the phase equilibria in the 28 mol%Ni isopleth. Then, we prepared alloys with different compositions using the same procedures that were described in Section 2. These were heated to 1310 C for 900 s in evacuated quartz capsules. After quenching the specimens 
Fig . 9 The calculated liquidus projection of the Nb-Ni-Ti system. 2928 S. Matsumoto, T. Tokunaga, H. Ohtani and M. Hasebe in iced brine, precipitates could be seen by an optical microscope. The composition of these phases was identified by means of a Jeol (Japan) JCXA-733 electron probe microanalyzer (EPMA). The results showed that the precipitates in the equilibrated specimens were primary crystals of Nb 6 Ni 7 and Ti oxide, which had a composition ratio of Ti:O = 19.4:80.6. Therefore, we concluded that the unassigned peak observed in the 60 mol%Ni section were due to the contamination of samples in the DSC measurements. Kornilov and Pylayeva 50) depicted an all-proportional miscible-type phase diagram for the pseudo-binary NbNi 3 -Ni 3 Ti section. However, this is unlikely, because the binary compounds have different crystal structures, i.e., D0 a for NbNi 3 and D0 24 for Ni 3 Ti. In addition, the ternary intermetallics, Nb 5 Ni 75 Ti 20 and Nb 13 Ni 75 Ti 12 , are located in this section, and these phases are classified as independent phases. The calculated phase diagram of the NbNi 3 -Ni 3 Ti system was compared with the phase diagram shown in Fig. 8 .
The calculated liquidus projection is shown in Fig. 9 . There are twelve regions of primary crystallization, and the phase field dominates the region. The liquidus surface is composed of 15 types of ternary invariant reactions. These reactions are summarized in Table 4 . Except for Points E 5 and E 6 , the ternary eutectic temperatures in the Ni-rich region are between 901.6 and 1063. 7 C. This is because the liquidus surface is rather flat in the Ni-rich part as seen in Fig. 5(b) , compared with that in the Nb-Ti side in Fig. 5(a) .
Conclusions
A thermodynamic analysis of the Nb-Ni-Ti ternary system was carried out. The Gibbs energies of the individual phases were expressed using a regular solution approximation and the sublattice model. Experimental DSC studies on the phase boundaries along the isopleths at 28 and 60 mol%-Ni were also carried out. Combining these results with the reported experimental data allowed us to characterize parameters influencing the properties of the ternary system. The results obtained are as follows:
(1) Our calculation of the binary phase diagrams was based on previously established parameters. However, some modification of the thermodynamic parameters for the and Nb 6 Ni 7 phases in the Nb-Ni binary system was attempted in this work, in estimating the Ni solubility in the phase from the experimental ternary phase diagrams. (2) The results from the DSC experiments, as well as from the phase determination of the isothermal sections, were reproduced satisfactorily. Our calculations reveal that this system includes 15 types of ternary invariant reactions. The ternary eutectic temperatures were between 901.6 and 1063.7 C, and the lower eutectic temperature is related to the high glass-forming ability of this ternary alloy. Thermodynamic Analysis of the Phase Equilibria of the Nb-Ni-Ti System
